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The thermal diffusivity in the ab plane of underdoped YBCO crystals is measured by means
of a local optical technique in the temperature range of 25 − 300 K. The phase delay between a
point heat source and a set of detection points around it allows for high-resolution measurement
of the thermal diffusivity and its in-plane anisotropy. Although the magnitude of the diffusivity
may suggest that it originates from phonons, its anisotropy is comparable with reported values of
the electrical resistivity anisotropy. Furthermore, the anisotropy drops sharply below the charge
order transition, again similar to the electrical resistivity anisotropy. Both of these observations
suggest that the thermal diffusivity has pronounced electronic as well as phononic character. At
the same time, the small electrical and thermal conductivities at high temperatures imply that
neither well-defined electron nor phonon quasiparticles are present in this material. We interpret
our results through a strongly interacting incoherent electron-phonon “soup” picture characterized
by a diffusion constant D ∼ v2Bτ where vB is the soup velocity, and scattering of both electrons and
phonons saturates a quantum thermal relaxation time τ ∼ ~/kBT .
The standard paradigm for transport in metals relies
on the existence of quasiparticles. Electronic quasiparti-
cles conduct electricity and heat. Phonon quasiparticles,
the collective excitations of the elastic solid (here, we
discuss acoustic phonons) also conduct heat. Transport
coefficients, such as electrical and thermal conductivi-
ties, can then be calculated using, for example, Boltz-
mann equations[1]. However, such an approach fails
when the quasiparticle mean free paths becomes com-
parable to the quasiparticle wavelength. For electrons it
is the Fermi wavelength [2–4], while for phonons it is the
larger of the interatomic distance or minimum excited-
phonon wavelength [5, 6]. Understanding transport in
non-quasiparticle regimes requires a new framework and
has become a subject of intense theoretical effort in recent
years triggering an urgent need for experimental results
which can shed light on such regimes. In particular, in
[7], the diffusivity was singled out as a key observable for
incoherent non-quasiparticle transport, possibly subject
to fundamental quantum mechanical bounds.
In this letter we report high-resolution measurements
of the thermal diffusivity of single crystal underdoped
YBCO6.60 (an ortho-II YBa2Cu3O6.60), and YBCO6.75
(an ortho-III YBa2Cu3O6.75). We are particularly in-
terested in the anisotropy of the thermal diffusivity as
measured along the principal axes a and b (which is the
chain direction) in the temperature range 25 to 300 K.
We use a non-contact optical microscope to perform lo-
cal thermal transport measurements on the scale of ∼10
µm, hence avoiding inhomogeneities, particularly twin-
ning and grain boundary effects. Our principal experi-
mental results are: i) the measured thermal diffusivity
is consistent with the previously measured thermal con-
ductivity and specific heat, satisfying κ = cD. The high-
temperature specific heat is known to be dominated by
phonons. However, ii) the phonon mean free path im-
plied by the magnitude of the measured diffusivity is of
order, or smaller than, the phonon wavelength. In addi-
tion: iii) the intrinsic thermal anisotropy is found to be
almost identical to the electrical resistivity anisotropy;
and iv) the thermal anisotropy starts to decrease rather
sharply below the charge order transition.
A complete understanding of transport in the high
temperature regime of the YBCO (or similar) mate-
rial system requires that we interpret our diffusivity re-
sults together with previously reported measurements
of the charge sector on similar crystals at temperatures
above the charge order transition, primarily photoemis-
sion spectroscopy [8, 9] and electrical resistivity [10–12].
Those measurements suggest that the electronic mean
free path is also comparable or smaller than the electron
wavelength, and thus at or beyond the Mott-Ioffe-Regel
(MIR) limit [The MIR limit has been expressed in dif-
ferent ways in the literature, e.g. as kF ` ≈ 1 or `/a ≈ 1
(kF is the Fermi wavevector, a is the lattice constant,
and ` is the mean free path). These approaches typically
produce the same order of magnitude estimate. In this
paper we use the criterion proposed in [2] of `/λF ≈ 1
where λF = 2pi/kF ]. The simultaneous destruction of
phonon and electron quasiparticles, together with com-
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2parable anisotropies in thermal and charge transport,
suggest that scattering is dominated by strong electron-
phonon interaction. The lack of coherent response is fur-
thermore incompatible with electron-phonon composite
quasiparticles such as polarons [13] or bipolarons [14].
We are therefore led to conjecture a novel type of trans-
port in the YBCO (or similar) system, in the temper-
ature regime where quasiparticles are not well defined,
which is dominated by diffusion of an electron-phonon
“soup”. Furthermore, all relaxation processes of elec-
trons and phonons, and hence of charge and heat, are
saturated at the thermal relaxation time τ ∼ ~/kBT .
This ‘Plankian’ timescale has previously been proposed
to underpin transport across many families of unconven-
tional metals[15–17], and is widely observed in optical
data on cuprates [18–21]. A simple model based on the
above ansatz shows excellent fit to the temperature de-
pendence of the measured thermal diffusivity using mea-
sured material parameters. This approach generalizes the
recently proposed incoherent metallic transport [7] to the
case where the electronic system exhibits strong interac-
tions with additional degrees of freedom—the phonons.
An immediate further generalization of our idea could ap-
ply to complex insulators at high fields, with magnetic or
polarization excitations playing the role of the phonons.
RESULTS AND DISCUSSION
Thermal Diffusivity Measurements
For the high resolution thermal diffusivity measure-
ments we use a photothermal microscope (see See SI -
Supplemental Information), where a modulated power of
a heating laser beam causes ripples in the temperature
profile at the sample surface, which may be measured
by a probing laser due to the change in reflectivity as a
function of temperature. We obtain the diffusivity D by
fitting the phase delay between the source and the re-
sponse signals as a function of the modulation frequency
ω at fixed distance r between the source and probe beam
(see Methods). In the case of an anisotropic sample, the
extracted diffusivity depends on orientation θ as follows
D =
DaDb
Db cos2 θ +Da sin
2 θ
(1)
where D1 and D2 are the diffusivities of the two prin-
ciple axes on the surface. Since D = κ/c, where the
specific heat c is a scalar quantity, the diffusivity inherits
its spatial anisotropy from the thermal conductivity ten-
sor κ. Several YBa2Cu3O6+x samples were measured; all
showed consistent results with the two samples reported
here: a detwinned single crystal of YBCO6.60 measur-
ing approximately 3 mm × 2 mm × 1 mm, and a de-
twinned single crystal of YBCO6.75 measuring approxi-
mately 2 mm × 1 mm × 0.4 mm. Fig. S1(c) in SI shows
Figure 1. (color online) Thermal diffusivity of YBCO6.60 and
YBCO6.75 single crystals, extracted from phase measurement,
plotted on a log-log scale as a function of temperature in
the range 25 − 300 K. Insets show diffusivity measured at
room temperature as a function of orientation around the
heating spot, with the solid lines representing fits to Eq. 1
(see text). Error bars are almost entirely due to uncertainty
in determining lasers spots separation.
the surface of the YBCO6.75 with the focused laser spots
under polarized light, where bright/dark stripes are the
twin domains. The small scale of measurement enables
us to measure local diffusivity in all directions of the
Cu-O planes while avoiding edges, twin boundaries, and
other visible defects when possible. At room tempera-
ture (RT), both samples have reflectivity R ≈ 0.15, and
dR/dT ≈ 10−4 K−1 at 820 nm. The typical power of the
probing laser is . 0.2 mW, and typical RMS power of
the heating laser is . 0.5 mW. Using thermal conductiv-
ities reported in existing literature [? ], we estimate the
increase in mean temperature due to both lasers to be
less than 1 K in the entire temperature range of interest.
To check the alignment of the sample, we first measure
diffusivity as a function of sample orientation relative to
the axis of displacement of the laser spots, shown in the
insets of Fig. 1. Error bars are due to the ∼ 0.5 µm
uncertainty in determining the distance r between the
two spots and thus in extracting D from the data. The
solid line is a fit to Eq. 1, showing excellent agreement.
The offset angle is left as a free parameter, but agrees
with the alignment to the sample edge to within 1◦. We
3find that the local orientation of the a- and b-axis swap
between different twinning domains, verifying the single-
domain nature of or measurements. Small variations (of
order 10%) in diffusivity are measured at different areas
on the sample surface, which we attribute to material
inhomogeneity. Once the principal axes are determined
from the detailed anisotropy study, the temperature de-
pendence of the diffusivity is measured along each of the
principal axes in a continuous temperature sweep at a
fixed frequency.
Initial Observations
The temperature dependence of the diffusivities along
both the a- and b-axis for the two samples are shown in
Fig. 1. We observe that the diffusivity increases at lower
temperatures, increasing by almost two orders of magni-
tude in the temperature range studied here. Using exist-
ing measurements of specific heat on similar YBCO crys-
tals [22], we obtain the respective thermal conductivities
of the crystals; both show excellent agreement with previ-
ously measured thermal conductivities of YBCO crystals
with similar doping (e.g. κa for YBCO6.60 was previously
measured by Waske et al. and Minami et al. [23? ]).
The temperature dependence of the thermal anisotropy,
Da/Db, for both samples are shown in Fig. 2. Three main
features of the data are observed. First, the anisotropies
of the two samples are similar. Second, the anisotropy is
almost temperature independent with Da/Db ∼ 2 at high
temperatures, but decreases sharply below the charge
density wave (CDW) transition (∼ 140 − 150 K [24]).
Third, the size and temperature dependence of the ther-
mal anisotropy are very similar to those of the anisotropy
of the electrical resistivity. In Fig. 2 we also plot the
resistivity anisotropy of YBCO6.75 from ref. [12], mea-
sured on very similar crystals. Since the resistivity mea-
sures transport of the electronic system, we conclude here
that the thermal diffusivity exhibits a strong electronic
character. Furthermore, while at low doping levels the
charge order is strongly anisotropic (see e.g. [25]), for the
YBCO6.60 [26] and YBCO6.75 [27] reported here, an al-
most isotropic CDW transition would not strongly affect
the diffusivity anisotropy of conventional phonons. In-
stead, in mirroring the behavior of the electrical resistiv-
ity, the decrease in anisotropy again indicates electronic
contribution to the thermal diffusivity. The onset of
CDW order can both change the scattering mechanism of
the electrons and also lead to new collective transport dy-
namics. The electronic excitations may ultimately regain
their quasiparticle character, including possible polaronic
behavior [13, 14]. Furthermore, the CDW transition in
this material is correlated with a strong electron-phonon
interaction [28, 29]. We further elaborate on these points
below.
Figure 2. (color online) Anisotropy of the ab-plane thermal
diffusivity as a function of temperature of YBCO6.60 (green
circles) and YBCO6.75 (orange squares). Charge density or-
der occurs at around 140− 150 K in both materials (see e.g.
[24]), marked by the grey region. Note that anisotropies de-
crease significantly below the transition, signifying the non-
trivial role the electronic system plays in the thermal trans-
port. Solid line is the electrical anisotropy in the ab plane on
similar crystals adopted from [12].
Good Metals vs. Bad Metals
The conventional treatment of heat conduction in itin-
erant solids assumes the existence of well defined quasi-
particle excitations that transport entropy: electrons and
phonons. The mean free paths, `e and `ph for the elec-
trons and phonons respectively, are assumed to be much
larger than their respective wavelength. For electrons to
be well defined quasiparticles we require that `e/λF  1,
where λF is the Fermi wavelength. The limiting case
`e/λF ∼ 1 is called the Mott-Ioffe-Regel (MIR) limit [?
], beyond which the material is dubbed a “bad metal”
[2]. Analogously, for well defined phonon excitations we
require that `ph  max{a, λmin}, where a is the lattice
constant and vs/λmin(T ) (vs is the sound velocity) is the
highest acoustic phonon frequency excited at tempera-
ture T [5, 6]. If both conditions are met, the thermal
conductivity of the solid will be the sum of the thermal
conductivities of the electrons and phonons, which can
also be written as products of the respective diffusivities
and specific heat capacities:
κ = κe + κph = ceDe + cphDph = cD . (2)
The last equality states that the measured thermal dif-
fusivity is a heat capacity weighted average of the two
diffusivities, and c = ce + cph.
The consequences of Eqn. 2 are well demonstrated in
the case of both good and disordered metals, even at tem-
peratures of order the Debye temperature. Table I gives
examples of room temperature (RT) thermal transport
parameters for good metals (copper, gold, silver, tung-
sten), metals with large RT resistivity (mercury, constan-
4Metals D c κ∗ = cD κ ρ vs κminph ≈ cvsa κe(L0) L/L0 θD
cm2/s J/cm3-K W/cm-K W/cm-K ×105µΩ-cm cm/s W/cm-K W/cm-K K
Copper 1.154 3.451 3.97 3.981 1.671 3.561 0.044 4.4 0.91 3102
Gold 1.285 2.51 3.2 3.151 2.241 3.251 0.033 3.3 0.96 1852
Silver 1.614 2.471 4.0 4.271 1.591 3.61 0.036 4.6 0.95 2202
Tungsten 0.686 2.561 1.74 1.781 5.651 5.251 0.042 1.3 1.27 3152
Hg 0.0437 1.881 0.081 0.0841 962 1.451 0.0085 0.074 1.11 1102
Constantan 0.0648 3.652 0.23 0.211,2 49.91 5.21 0.07 0.15 1.32 3903
Inconel 718 0.02923 3.52 0.101 0.0972 1562 4.942 0.06 0.05 1.56 4103
YBCO6.6(a-dir) 0.016-0.018
24 2.79 0.043-0.05 0.05-0.06512 560-70013 6.0518 0.063 0.013 5.0-5.4 41011
YBCO6.75(a-dir) 0.018-0.02
24 2.79 0.05-0.054 0.047-0.06812 430-50013 6.0518 0.063 0.017 4.1-5.0 41011
LSCO(x=0.13) 0.02121 2.6710 0.056 0.05714 70016 5.919 0.06 0.01 4.5-5.5 40010
BSCCO:2212 0.02122 2.3511 0.048 0.05815 580-78017 4.320 0.055 0.009 4.6-6.2 28011
Table I. Room temperature thermal transport parameters for selected good metals, disordered metals, and
cuprates.
Comparison of room-temperature thermal properties of good metals, disordered metals, and cuprates. LSCO data are for
La1.87Sr0.13CuO4 (see Fig. S4). BSCCO data are for optimally doped Bi2Sr2CaCu2O8 as found in the literature. YBCO6.60(a-
dir) and YBCO6.75(a-dir) a-direction data are on single crystals from similar doping, whereas diffusivity data are from this
work. Discussions on κ∗ = cD, κminph ≈ cvs`ph (with `ph = a; a is the lattice constant), and κ(L0) = L0T/ρ= are in the text.
Superscripts are the references for the quoted data as follows: 1=[31]; 2=[32]; 3=calculated from [32]; 4=[30]; 5=[33]; 6=[34];
7=[35]; 8=[36]; 9=[22, 38]; 10=[38]; 11=[41]; 12=[23, 39]; 13=[10, 12, 23]; 14=[42]; 15=[6]; 16=[43]; 17=[46, 47];18= [40]; 19=[44];
20=[48]; 21=see SI; 22=[45]; 23=[37]; 24=this work (spread due to inhomogeneity).
tan, Inconel), and several cuprates, which are known to
be “bad metals” at RT. In the case of good and disor-
dered metals, ample data is available on identically pre-
pared samples to confirm that at RT the thermal conduc-
tivity κ closely matches the measured diffusivity times
the measured specific heat (κ∗ in Table I). Furthermore,
when the electronic thermal conductivity κe(L0) is calcu-
lated from the resistivity using the Wiedemann-Franz law
(κρ/T = L) and the theoretical value of the Lorenz num-
ber L0 = 2.44× 10−8W·Ω/K2, the result is very close to
the measured thermal conductivity, yielding a measured
L/L0 ≈ 1.
Unfortunately, not much data is available for the
cuprates where the diffusivity, specific heat, thermal con-
ductivity, and resistivity have all been measured on the
same sample, or at least on same-doping samples made
with the same protocol. For example, a-direction ther-
mal conductivity on YBCO6+x was reported by Minami
et al. [23], but for similar dopings, their crystals show
much larger resistivity than measurements done on crys-
tals similar to ours [12]. At the same time, Inyushkin et
al. measured twinned crystals with similar doping levels,
which are expected to yield a larger value as the a-and b-
directions average [49]. We therefore base our estimates
on a range of thermal-parameters values as found in the
literature.
Analyzing the available data for the cuprates, we first
note that also here κ ∼ κ∗, but now κ  κe(L0). At
the same time we find it to be very close to, and some-
times smaller than, κminph . This minimum phonon ther-
mal conductivity is calculated as the product of the sound
velocity, the lattice constant and the specific heat, and
amounts to setting `ph = a as discussed above. It is a
lower bound to the total thermal conductivity of a sys-
tem with well defined quasiparticles regardless of elec-
tron participation (a complementary bound on κminph us-
ing λmin instead of a is discussed below.) For good metals
κminph  κ, and L/L0 ∼ 1 as is expected from electron-
dominated thermal transport. Mercury at RT is a liq-
uid with a relatively slow sound velocity. Nevertheless,
it shows similar behavior to the best metallic elements
with thermal transport dominated by electrons. On the
other hand, with increasing resistivity due to disorder,
constantan and Inconel show a tendency to a decreased
thermal conductivity, and an increasing Lorentz num-
ber. The bad metal cuprates on the other hand show
at RT κ ≈ κminph , with anomalously large Lorentz num-
ber. These facts might raise doubts on whether high-
temperature thermal transport in cuprates has any sig-
nificant electronic contribution at all, cf. [23], in apparent
tension with the electronic character noted in the previ-
ous section.
Failure of the Quasiparticle Picture
While at lower temperatures it is believed that quasi-
particle excitations are well defined [8, 50], the situation
must change close to the MIR limit. Indeed, applying
the conventional treatment to our diffusivity measure-
ments in the temperature range & 150 K raises sev-
eral problems that challenge the self-consistency of the
quasiparticle approach. Within a quasiparticle interpre-
tation, κe(L0)  κ, and so we would conclude that
5the high-temperature thermal transport is dominated by
phonons. Even without assuming quasiparticles, at high
tempeature the phonon specific heat is overwhelmingly
large compared to that of the electrons [22, 51]. Thus,
since the product of the specific heat and our measured
diffusivity yields the commonly measured thermal con-
ductivity, the naive conclusion is that phonons dominate
the high temperature thermal transport, and we should
expect to measure κ = cD ≈ cphDph = κph. How-
ever, even in this phonon-dominated picture, we see that
κph ≈ κminph , and so `ph ≈ a. Since room temperature
is well below the Debye temperature for this material,
it is appropriate to use a stricter bound on κminph associ-
ated with λmin (instead of a). Assuming that the high-
est frequency phonon excited at RT is proportional to
temperature, the corresponding minimum phonon wave-
length is λmin ∼ hvs/kBT . The sound velocities of a
similar YBCO6.60 crystal have been measured yielding
vas = 6.0 × 103m/s and vbs = 6.5 × 103m/s [40]. Shear
sound velocity may be a factor ∼ √3 smaller, which does
not change the following arguments. Note that these ve-
locities (along with the lattice constants) would yield a
much more isotropic diffusivity than the measured D.
Assuming now two-dimensional phonon transport, the
“classical” phonon diffusivity satisfies Dph = vs`ph/2,
and thus we estimate `ph/λmin ≈ 2DkBT/hv2s ∼ 0.6 < 1
(for Da at RT), violating the condition for well defined
phonon excitations. A similar analysis was previously
reported by Allen et al. [6] on Bi2Sr2CaCu2O8 single
crystals, concluding that phonons are poorly defined in
this system. However, their treatment of the electronic
contribution relied on a standard application of the WF
law, which was subsequently shown by Zhang et al. [52]
to fail around RT. Finally we note that (see table I) the
values of a-direction D for the YBCO6+x crystals is prac-
tically the same as the values for the more isotropic (in
the Cu-O planes) cuprates. Similar observations can be
found for the resistivity of the cuprates (e.g. b-axes re-
sistivities can be found in [10, 12]). This must indicate
that the chains have excess electronic conduction rather
than phononic one.
The phonon quasiparticle approach is therefore not
consistent. Likewise for the electrons, examination of the
resistivity data for similar crystals at around RT yields
`e/λF ∼ 1 (see e.g. [10, 12]). Beyond the short mean free
paths, the phonon dominance suggested by a quasiparti-
cle interpretation is incompatible with the fact that our
measured diffusivity anisotropy is similar to the electrical
resistivity anisotropy, and sensitive to the onset of charge
order at ∼150 K. We are led to conclude that thermal
transport has strong electronic in addition to phononic
character, with no simple way to separate them, espe-
cially in view of the typically very strong electron-phonon
interaction in the cuprates [9].
The Case for an Incoherent Electron-Phonon “Soup”
We are therefore led to propose a new approach to
transport in strongly interacting systems where neither
elementary excitations are well defined. Without quasi-
particles, including the absence of emergent well-defined
electronic excitations (e.g collective modes related to a
possible symmetry breaking, or dressed coherent excita-
tions such as polarons and bipolarons), the mean free
path has no meaning. However, microscopic relaxation
timescales can still be defined. Following [7], we conjec-
ture that all microscopic degrees of freedom, electronic or
phononic, saturate a (momentum non-conserving) relax-
ation bound leading to overdamped diffusive transport
with quantum thermal timescales τ ∝ ~/kBT . The re-
sulting diffusion coefficient is connected to the thermal
timescale through a (temperature dependent) effective
velocity, vB(T ), such that
D =
1
2
vB(T )
2 ~
kBT
(3)
where the factor of 2 represents the quasi two-
dimensional diffusion in the Cu-O planes. This approach
suggests that in the strongly coupled, high temperature
limit the electron-phonon system behaves as a composite,
strongly correlated “soup” with an effective velocity vB .
This velocity is expected to lie between the faster Fermi
velocity of the electrons and the much slower sound ve-
locity of the phonons: vs < vB < vF .
To obtain an estimate of vB , we may attempt to ex-
trapolate the expression for the thermal conductivity
from the regime where quasiparticles are well defined and
equation (2) holds
κ = cD = ce
(
1
2
v2F τe
)
+ cph
(
1
2
v2sτph
)
(4)
to the new strongly coupled regime. Assuming a smooth
interpolation between the two regimes, we bound the
electron and phonon relaxation times in the above equa-
tion by
τph = αph
~
kBT
, and τe = αe
~
kBT
(5)
where αph and αe are numerical constants of order unity.
The resulting expression for the diffusivity is
D =
~
2kBT
(
αe
ce
c
v2F + αph
cph
c
v2s
)
. (6)
Equation (6) now has the form (3) with vB = v¯B(T ),
where
v¯B(T )
2 = αe
ce
c
v2F + αph
cph
c
v2s , (7)
which clearly satisfies the condition vs < v¯B < vF (we
note that, in the expression for the thermal conductivity,
6only the heat capacity associated with the modes that
propagate in the measured direction and carry entropy
should be included. However, this difference may only
change the expression by a factor of order unity). More
generally one would like to identify vB with a universally
defined non-quasiparticle velocity. It has been noted [53]
that in some non-quasiparticle systems it is the “butterfly
velocity” [54, 55] that appears in the diffusivity formula 3.
Fig. 3 shows the temperature dependence of D−1 with
the fit to Eqn. (6) above 150K, where we are free of the
interference with the onset of charge order [26, 27]. Us-
ing the known temperature dependent total heat capacity
[22] and electronic specific heat [56] (at RT cph ∼ c while
ce ∼ 0.014c), and assuming in-plane Fermi velocity found
e.g. in ARPES measurements vF ≈ 2.15×107cm/sec [57],
we find e.g. for YBCO6.75 that in the Cu-O planes the
prefactor αe ≈ 0.25± 0.02, and αph ≈ 1.64± 0.09, while
along the chains αe ≈ 0.53 ± 0.02, and αph ≈ 2.8 ± 0.2.
Hence the temperature dependent microscopic velocity
v¯B , defined in Eqn. (7), exhibits significant character of
both electrons and phonons with similar coefficients of
order unity and velocity vs < v¯B < vF . The small errors
associated with the coefficients (see Supporting Informa-
tion (SI)) signal the robustness of the fit, while the inde-
pendently measured temperature dependences of ce and
cph are responsible for the curvature away from D
−1 ∝ T
in the figure. Furtheremore, signatures of an electron-
phonon soup are seen in the behavior of the electrical
resistivity, which is not exactly T -linear over our tem-
perature range. Comparing our diffusivity data with ex-
isting electrical resistivity measurements [10, 12] shows
that in the bad metal regime dρ/dT ∝ d(D−1)/dT , im-
plying that the sound speed contributes to the electrical
resistivity.
The above analysis yields a novel transport mechanism
for strongly interacting systems that exceed the quasipar-
ticle mean free path limit. Thermal transport proceeds
by collective diffusion of a composite electron-phonon
“soup”, which is distinct from any system exhibiting
well defined electron-phonon quasiparticles such as po-
larons or bipolarons [13, 14]. Entropy diffusion is char-
acterized by thermal timescales and a unique velocity.
Consequently, commonly used electronic-transport char-
acteristics, such as e.g. the Wiedemann-Franz law, are
not well-defined in this regime. In the YBCO cuprates
this scenario seems to persist down to the charge order
temperatures, below which electrons presumably start to
regain their quasiparticle character and hence decouple
from the electron-phonon “soup.” Obviously, a main in-
gredient of this scenario is the strong electron-phonon
interaction which in turn may have some impact on the
high Tc found in the cuprates.
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Figure 3. (color online) Inverse diffusivity along the a- (un-
filled blue circles) and b-axis (filled red circles) for both ma-
terials. The solid lines are fits to Eq. 6 (see text.)
Conclusions
In conclusion, we have shown that the underdoped
YBa2Cu3O6+x system, above the charge order transi-
tion, exhibits anomalous thermal transport. Neither the
phonons nor the electrons are well defined quasiparticles,
while their strong mutual interactions cause both to sat-
urate the relaxation timescale at ∼ ~/kBT . This results
in a unique type of heat transport carried by an inco-
herent composite fluid, which we dub the an electron-
phonon “soup”, characterized by an effective velocity
vs < vB < vF . We suggest that such behavior is ubiqui-
tous in strongly interacting complex systems at high tem-
peratures, and thus propose that it may explain much of
the anomalous transport in “bad metallic” systems [e.g.
catalogued by Bruin et al. [17], and discussed in terms
of spectral weight transfer in [3, 4, 58]. Additional dif-
fusivity measurements on these systems may test this
proposal.
7MATERIALS & METHODS
Samples
YBa2Cu3O6+y single crystals were grown in non-
reactive BaZrO3 crucibles using a self-flux technique [59],
with the Cu-O chains oxygen content accurately deter-
mined as described in Ref: [60]. The crystals used in our
experiments were de-twinned. No twinning domains can
be observed on the surface of the YBCO6.60 sample, and
sparse thin strips of remnant domains can be seen on the
YBCO6.75, which were experimentally measured to have
no effect on the measured diffusivity.
Diffusivity Measurements
For the high resolution thermal diffusivity measure-
ments we use a home-built photothermal microscope
[61, 62], described in details in the SI. The output power
of a heating laser is modulated sinusoidally at a frequency
ω ∼ 1 to 50 kHz, much smaller than typical electronic
equilibration time [63], while a second laser measures
the differential reflectivity at a fixed distance (r) from
it. The diffusivity D is obtained by fitting the thermal
phase delay φ between the source and the response signals
as a function of frequency ω: D = ωr2/2φ2. Frequency
sweeps at different distances yield consistent diffusivity
values verifying the heat propagation model we used (for
details see the SI).
Fits to Data
We use Eqn. 6 to fit the thermal diffusivity data. Lit-
erature values are used for the total specific heat [22],
the electronic specific heat [56], Fermi velocity [57], and
sound velocities [40, 64].
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SIGNIFICANCE STATEMENT
Transport in the so-called “bad-metallic” regime of
strongly correlated electron systems, with no well-defined
electronic quasiparticles, has been a long-standing chal-
lenge in theoretical physics. This challenge has motivated
the collection of an ample amount of data on bad metals.
However, so far emphasis has been given to the charge
sector, with the host crystal lattice treated as a well-
defined phonon background. In this paper we show that
for the cuprates, in the bad-metallic regime where the
resistivity exceeds the “Mott-Ioffe-Regel” limit, phonon
excitations are also not well-defined. The data leads to
a thermal transport scenario where entropy is carried by
an overdamped diffusive fluid of electrons and phonons
characterized by a unique velocity and a quantum-limited
relaxation time ~/kBT .
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SUPPORTING INFORMATION (SI)
Samples
YBa2Cu3O6+y single crystals were grown in non-
reactive BaZrO3 crucibles using a self-flux technique [59],
with the Cu-O chains oxygen content accurately deter-
mined as described in Ref: [60]. The CuO-chain oxygen
content was set to y = 6.60, 6.67, and 6.75 by annealing
in a flowing O2:N2 mixture and homogenized by further
annealing in a sealed quartz ampoule, together with ce-
ramic at the same oxygen content. The absolute oxy-
gen content (y) is accurate to ±0.01 based on iodometric
titration. The crystals used in our experiments were de-
twinned. No twinning domains can be observed on the
surface of the YBCO6.60 sample, and sparse thin strips of
remnant domains can be seen on the YBCO6.75, which
were experimentally measured to have no effect on the
measured diffusivity.
Principles of the Photothermal Apparatus
For the high resolution thermal diffusivity measure-
ments we use a home-built photothermal microscope
[61, 62]. The microscope views the sample through a
sapphire optical window in a cryostat, with the sam-
ple mounted to a cold finger just under the window. A
schematic is shown in Fig. S1. A heating laser at 637 nm
and a probing laser at 820 nm are focused onto the sample
surface by the microscope objective. The focused spots
have Gaussian radii of approximately 1µm and 2µm, re-
spectively, due to the diffraction limit of the different
wavelengths, and can be moved independently over the
sample surface. A camera allows us to align the spots
and observe the sample surface nearby. Fig.S 2 shows a
820m
probing
laser
Cu-block
beam-
splitters
dichroic
mirror
sample
microscope
objective
b)
Cu-block
beam-
splitters
dichroic
mirror
sample
637nm
heating
laser
microscope
objective
a) camera
illumination
Cu-block
beam-
splitters
sample
microscope
objective
c)
S 1. (color online) The schematic shows the optical paths
of the setup. (a) Path of the heating laser (b) Path of the
probing laser. The reflected light traverse the same path be-
fore gathered by a photodetector. (c) Path of camera vision.
Cross-polarized picture is obtained by polarizing the incoming
illumination and placing an analyzer in front of the camera.
camera view of the two beams on different surfaces that
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we examined.
The output power of the heating laser is modulated
with a sinusoidal profile P (t) = P0[1 + sin(ω0t)]. The
modulation frequency ω0/2pi has a typical range of 1 kHz
- 50 kHz, much slower than the microscopic equilibra-
tion time which is on the order of picoseconds [63]. This
means that the parameters extracted are all within the
in the DC limit of linear response, and are independent
of the modulation frequency itself. The probing laser is
aimed at a spot a small distance (typically 10 − 20 µm)
away from the heating laser. The reflected light from the
probing laser is diverted by an optical circulator and fed
into a photodetector. The AC component of the photode-
tector signal is then fed to a lock-in amplifier referenced
to the laser modulation and the amplitude and phase are
measured. The large differential reflectivity dR/dT of the
YBCO samples (about 10−5 − 10−6 K−1) at the wave-
length of the probe light allows us to study their thermal
properties with minimal disturbance.
S 2. (color online) Cross-polarized image of the samples
showing both laser spots: left (smaller spot) is the 637nm
heating spot and right (larger spot) is the 830nm probe laser
spot. a) a typical area of single crystal detwinned YBCO6.60,
and b) a typical area of single crystal detwinned YBCO6.75.
Thin remnant strips of the opposite structural domain is vis-
ible as white lines, but have been shown to have negligible
effect on the anisotropy measurements. Insets show pictures
of the crystals measured.
Measuring Thermal Diffusivity
The diffusive transport of heat is governed by the dif-
fusion equation
∂δT (t, ~r)
∂t
−D∇2δT (t, ~r) = q(t, ~r)
c
(8)
where δT is the temperature disturbance above the am-
bient temperature T , ~r = {x1, x2, x3} is the spherical
radial coordinate given in terms of the euclidean prin-
cipal axes xi, q is the absorbed power density, c is the
volumetric specific heat capacity, D ≡ κ/c is the ther-
mal diffusivity, and κ is the thermal conductivity. Note
that c and D are themselves functions of T , but in the
limit of weak heating δT << T , we make the approxi-
mation c(T + δT ) ≈ c(T ) and D(T + δT ) ≈ D(T ). As
mentioned in the main text, the temperature disturbance
from both lasers is .1 K through out the temperature
range 25 ∼ 300 K, so this approximation is valid.
The modulated power of the heating laser causes rip-
ples in the temperature profile at the sample surface,
which may be measured by the probing laser. It is useful
to write the response in frequency space δ˜T (ω,~r), where
δT (t, ~r ) =
∫
δ˜T (ω,~r) exp(−iωt)dω (9)
We model the focused heat source as a point source,
q(t, ~r ) = P0e
−iωtδ3(~r). This approximation is valid as
long as the distance from the heating spot is much larger
than the spot radius. In a semi-infinite isotropic sys-
tem, the temperature profile is spherically symmetric and
takes the form
δ˜T (ω, r) =
P0
κ
1
r
exp
(
−
√
ω
2D
r
)
︸ ︷︷ ︸
amplitude
exp
(
− i
√
ω
2D
r
)
︸ ︷︷ ︸
phase
(10)
Our measurement gives us the response at the modula-
tion frequency ω0.
Although both the amplitude and the phase of the solu-
tion carry information about D, in actual measurements
factors such as mechanical vibrations, fluctuations in the
laser power, and the temperature dependence of the dif-
ferential reflectivity dR/dT affect the amplitude of the
reflectivity oscillation. These factors do not affect the
phase of the signal, which is therefore the more robust
probe. We obtain D by fitting the phase delay φ between
the source and the response signals as a function of ω at
fixed r: D = ωr2/2φ2. A typical fit is shown in Fig.S 3.
It is important to note that frequency sweeps at different
S 3. (color online) Typical phase delay data (blue circles)
obtained by sweeping modulation frequency. The red line is
a fit using the form in Eq. 10.
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distances yield consistent diffusivity values verifying the
assumptions we used in obtaining the ideal solution.
Anisotropic Diffusion Equation
A general system may be anisotropic, but can be re-
duced to the isotropic case through a change of variables.
To begin, we write down the heat diffusion equation for
a generic system,
∂δT (t, ~r)
∂t
−Dij∇i∇jδT (t, ~r) = q(t, ~r)
c
(11)
It is interesting to note that the dimension of the dif-
fusivity consists only of space and time: [D] = cm2/s.
A coordinate-isotropic solution can always be found
through spatial rotation and scaling. Starting from the
diagonal coordinates of the diffusivity tensor,∑
ij
Dij∇i∇j =
∑
i
Di
∂2
∂x2i
= D1
∑
i
∂2
∂z2i
= D1∇˜2 (12)
where we choose to keep the first axis untouched, and
scale the rest accordingly, zi = xi
√
D1/Di. In the new
coordinates, diffusion is an isotropic process, and diffu-
sivity is characterized by a single number. In this new set
of coordinate ~z, the absorbed power density transforms
accordingly as,
q(t, ~z) = P0
√
D21
D2D3
e−iωtδ3(~z).
We now want to recover the anisotropic dependence on
Dij on the surface of the sample in the original coordi-
nate. Let x3 = z3 = 0 on the surface, let (ρ, θ) be the
original polar coordinate on the surface
r2 = z21 +z
2
2 = x
2
1+
D1
D2
x22 = ρ
2
(
cos2 θ+
D1
D2
sin2 θ
)
(13)
This leads to the exponent in Eqn. 10 being rescaled as√
ω
2D
r =
√
ω
2
D2 cos2 θ +D1 sin
2 θ
D1D2
ρ (14)
which leads to the extracted diffusivity
D =
D1D2
D2 cos2 θ +D1 sin
2 θ
(15)
Alignments and Data Collection
To check the alignment confirm the orientation of the
sample, we first measure diffusivity as a function of fre-
quency for different orientations around the heating spot.
This is typically done at room temperature and frequency
sweeps are typically between 500 Hz and 20 kHz. For
each orientation we generate a set of data similar to that
shown in Fig. S3, and from the fit extract the diffusivity
D(θ). We then performed an overall fit of Eq. 15 to all
sets of frequency sweeps at various sample orientations,
where an additional offset angle is left as an additional
free parameter. This offset is the difference between the
arbitrary initial angle that we used and the actual prin-
cipal directions of the crystal. All offset angles are later
verified to align with the crystal edge within statistical
uncertainties. Typical fits are shown in the insets of
Fig. 1 of the main manuscript. We note that error bars
are almost entirely due to an uncertainty of ∼ 0.5 µm
in determining laser spots separation due to their finite
spread. Excellent fit to the functional form Eq. 12 is ob-
tained on both samples (see main text), including in the
region on YBCO6.75 crystal with thin stripes of remnant
domains, Fig. S2(b), verifying the anisotropic diffusivity
measurements are effectively single-domain in nature.
The temperature dependent diffusivity on each axis is
then taken by continuously very the temperature at a
fixed laser separation on each axis, at a fixed modulation
frequency (∼20kHz) , and at the same region where the
room temperature anisotropy has been measured.
Fits to the Electron-Phonon “Soup” Model
We fit the thermal diffusivity measurement of the three
YBCO6+x samples using the form
D =
~
2kBT
(
αe
ce(T )
c(T )
v2F + αph
cph(T )
c(T )
vs(T )
2
)
, (16)
where literature values are used for the total heat ca-
pacity c[22], the electronic heat capacity ce[56], Fermi
velocity vF [57], and sound velocities[40, 64]. The follow-
ing table lists the coefficients αe and αph in the plane (a)
and chain (b) directions as extracted from the fits, with
their standard errors:
Table II. Results for fitting constants in equation 16
αe αph
YBCO6.60 plane 0.14±0.01 2.0 ± 0.1
chain 0.413 ± 0.007 2.58 ± 0.06
YBCO6.67 plane 0.13 ± 0.02 2.1 ± 0.3
chain 0.34 ± 0.06 2.6 ± 0.5
YBCO6.75 plane 0.25 ± 0.02 1.64 ± 0.09
chain 0.53 ± 0.02 2.82 ± 0.2
Preliminary Measurements on LSCO
To complete the diffusivity data that we present in
Table 1 of the main text, we measured the thermal diffu-
sivity on a ∼ 1×2×0.8 mm3 La2−xSrxCu2O4 (x = 0.13)
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single crystal. In Fig. S4 we show preliminary results
of room-temperature measurements, together with a pic-
ture of the crystal. While the surface of the crystal was
scratched, high-quality data could be obtained in high
reflectivity regions. As expected, no obvious anisotropy
was detected.
S 4. (color online) Left: Typical data in two perpendicular
orientations measured on a La1.87Sr0.13Cu2O4 single crystal.
Right: a picture of the surface of the crystal measured.
